Introduction
Insertion of a metal atom into the fullerene cage is one of the most attractive methods to tune the electronic properties of a spherically p-conjugated fullerene carbon cage without changing the exterior framework. Ever since the resulting products, called "endohedral metallofullerenes (EMFs)", were reported 1 many studies on various EMFs have been conducted because of their unique electronic structure as a so-called "superatom"; formally dened by an electron transfer from the inner metal atom to the outer fullerene cage (Fig. 1a) .
2,3 Among EMFs, which have various carbon-cage sizes, the C 60 -based EMF has attracted special attention owing to its highly symmetrical structure and expected unique electronic properties. 4 However, the studies on metallo[60]fullerenes, 4,5 even the relatively wellstudied alkali metal-encapsulated ones, 6 are somewhat stagnant due to the difficulty of their isolation and the lack of structural evidence. 7 Although some of us have reported the isolation of a lithium-ion-encapsulated [60] is regarded as an "ion-encapsulated fullerene" which is a new endohedral fullerene family, 9 but is not categorised as part of general EMFs (Fig. 1b) . previously reported procedure. 13 The electrochemical reaction was carried out under Ar atmosphere as depicted in Fig. 2 . A CH 2 Cl 2 solution of the starting compound was placed in an H-shaped cell, cooled to 253 K, and electrolysed using a Pt electrode at a constant current (0.5 mA) for 3 days. The purple solution gradually became colourless because of deposition of the reduced fullerene-based product on the surface of the cathode. In this process, due to sufficient ionic conductivity of the [Li + @C 60 ](TFSI À ) solution (see Fig. S1 in the ESI †), the electrochemical reaction could be carried out without any supporting electrolyte. The obtained product was dissolved in o-DCB to be characterised by UV-vis-NIR and ESR, and NMR spectroscopy in the solution phase. The UV-vis-NIR spectrum of the product showed characteristic absorption at 1035 nm, which was assignable to the lithium-ion-encapsulated fullerene monovalent radical anion by a TD-DFT calculation ( Fig. 3a and also see Fig. S2 in ESI †).
10,14, 15 The ESR spectrum of the solution is shown in Fig. 3b . The observed g value (2.0010) was nearly identical to the reported value for the empty C 60 radical anion and our previous results. with decamethylchromocene. 22 The equilibrium state of a C 60 radical anion and its dimer in the solution phase and dimerization of the radicals in the solid phase has been already wellknown, 23 and thus, in our case as well, the observed structure ) bond length (1.54Å) and comparable to an interfullerene single C-C bond in the empty C 60 À -C 60 À dimer (1.597(7)Å). 22 Although it has been reported that the single C-C bond of the empty C 60 À -C 60 À dimer starts to break at 200-220 K in the crystal, our co-crystal did not show cleavage of the interfullerene bond up to 400 K and is stable in air. As shown in Fig. 4c , the Li + @C 60
showed a disordered structure attributed to a ratchet motion of the C 60 À cage along the single C-C interfullerene bond with a rotating angle of about 39 at 250 K. The ratchet motion was induced in the high temperature phase through the phase transition around 250 K. The linear temperature dependence of the lattice constants with a small anomaly at the phase transition temperature suggests that the phase transition is of the orderdisorder type (see Fig. S4 in ESI †). The endohedral Li + was clearly observed, and localised near the carbon atom (C2) nearest to the carbon atom (C1) forming the interfullerene single C-C bond (Fig. 4d) . The oxidation state of Li was estimated as +0.8(3) from the electron charge-densities which were obtained from the X-ray diffraction data by using the maximum entropy method (see Fig. S5 in ESI †). The result clearly indicated the formation of a "superatom state" as in reported EMFs, and coincided with the results of ESR spectroscopy. The C1 carbon atom bonded with the C2 carbon atom by a short 6 : 6 bond fusing two hexagons, and C3 and C4 carbon atoms bonded by a long 6 : 5 bond fusing a hexagon and a pentagon. The C1-C2, C1-C3 and C1-C4 bond lengths were 1.528(5), 1.546(6) and 1.558(5)Å, respectively, which were much longer than the 6 : 6 and 6 : 5 bond lengths for neutral C 60 (1.39 and 1.45Å, respectively), 25 and comparable to the normal C(sp 3 )-C(sp 3 ) bond length (1.54Å). These results indicate that the C2 atom bonded to the C1 atom by the shorter 6 : 6 bond has excess electrons, and the excess electrons attract the encapsulated Li + , causing the localisation of the Li + near the C2 atom. The Li-C2 distance was 2.20(1)Å at 100 K. The Li-C distance was shorter than that of 2.344(6)Å in a cubic [Li + @C 60 ](PF 6 À ) crystal around 25 K, in which the Li + equivalently localizes under the centres of two hexagons on the threefold inversion axis by the electrostatic interaction from the coordinated six PF 6 À anions. 26 The ion-pairing with the short Li-C bond contributes to the stabilisation of the anionic C 60 cage bonded by the single C-C bond in the Li + @C 60
We also performed X-ray diffraction measurements for the powder sample of Li + @C 60 c À resulting from electrolysis of [Li + @C 60 ](TFSI À ) (see Fig. S6 in ESI †). Unfortunately, the sample had a more complicated crystal structure and/or contained multiple phases, and thus indexing of the powder diffraction pattern with a single phase by using DICVOL 27 was unsuccessful. Incidentally, the powder sample also showed a similar ESR signal to that measured in frozen o-DCB (see Fig. S3 in ESI †), which indicated that while the Li@C 60 dimer could be formed perfectly in a well-ordered crystal, the Li + @C 60 c À monomer remained partially in the disordered solid state. The observed equilibrium behaviour of the Li + @C 60 c À monomer and its dimer was consistent with the results of DFT calculations at M06-2X/6-31G(d) level of theory (Fig. 5) 28 We also calculated the DG of dimerization of the empty C 60 radical anion in o-DCB using the same method, and the value was calculated to be +11.5 kcal mol À1 (see Fig. S7 ) through coupling of the radical centre on the anionic C 60 cage. These structural features were supported by DFT calculations at the M06-2X/6-31G(d) level of theory. This is the rst report of the isolation and characterization of a [60] fullerene-based metallofullerene. With this detailed structural information and great anticipation for the expected unique properties, utilisation of this new metallofullerene for various applications may be possible.
